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Plant-based foods are becoming increasingly popular because of changing
consumer preferences. Most plant-based milks are not a direct replacement for cow’s
milk because they do not have the same nutritional value and physicochemical properties.
However, these properties could be modified and enhanced through processing. For
example, high pressure processing (HPP) can affect irreversibly protein structure and
functionality and potentially enhance enzymatic hydrolysis. HPP is used widely in the
beverage industry for cold pasteurization. In this study, the effects of HPP treatment on
(a) the inactivation of Listeria innocua, a commonly used surrogate for Listeria
monocytogenes in HPP research, in cashew milk, (b) enzymatic hydrolysis and (c)
foaming capacity of the milk were examined.
Cashew milk was inoculated with two strains of L. innocua and treated in a
Hiperbaric 55L HPP machine at the following conditions: (a) 300 MPa using chilled
water (approximately 4-5 °C), (b) 590 MPa using chilled water, and (c) 590 MPa using
room temperature water (approximately 19-22 °C). All pressures were held for 6 min.
Results showed that treating the milk with 590 MPa for 6 min using either chilled or
room temperature water yielded at least a 5-log reduction in L. innocua. When pressuretreated using chilled water, L. innocua was able to recover by at least 2 log CFU/mL after
14 days of refrigerated storage, which is comparable to the shelf-life of heat-pasteurized

cow’s milk. Remarkably, when pressure-treated at room temperature, L. innocua counts
were still below the limit of detection (1 log CFU/mL) even after 35 days.
Cashew milk samples were treated with 150, 300, 450 and 600 MPa for 6 min
using chilled water. Results showed pressure had minimal effect on protein profiles
obtained by gel electrophoresis but increased the peptide content (F = 42.1719; df = 5,
18.2053; p = 2.185  10-9). Alcalase® activity was not affected by HPP treatment (F =
0.4432; df = 4, 8; p = 0.7749). However, when Alcalase® was added to the milk (0.01%
v/v) immediately prior to HPP treatment, the resulting protein profiles showed visible
band shifts. Peptide content also increased significantly (F = 17.1944; df = 1, 4.45; p =
0.0114). Foaming capacity significantly decreased with Alcalase® presence and HPP
treatment (F = 6.6873; df = 4, 18.1613; p = 0.001723).
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CHAPTER 1. INTRODUCTION
Plant-based milks are becoming increasingly popular because of changing
consumer preferences (McClements et al., 2019). Consumers are adopting vegetarian,
vegan or flexitarian diets for health or environmental reasons or seeking out alternative
foods because of allergies (Noguerol et al., 2021; A. R. A. Silva et al., 2020).
Unfortunately, plant-based milks are not a perfect replacement for cow’s milk because
they do not have the same physicochemical properties. The properties of plant-based milk
limit their use and vary greatly depending on the plant material used (Jeske et al., 2017).
The plant-based milks’ physicochemical properties, including foaming ability, separation,
and viscosity (Jeske et al., 2017; McClements, 2020), are directly impacted by the
proteins present and their structure (Tandang-Silvas et al., 2011). Protein structure can be
modified by various processes to provide improved physicochemical properties of foods
(Aryee et al., 2018).
Processing methods like high pressure processing (HPP) and enzyme hydrolysis
can be used to improve the physicochemical properties of plant-based milks. HPP is a
nonthermal processing technique that is often used for cold pasteurization of foods and,
since it has minimal effects on pigments, flavor compounds, vitamins and minerals, HPPtreated foods are regarded as tasting “fresh” or more natural (Considine et al., 2008;
Rastogi et al., 2007). Minimally processed foods are becoming more popular as
consumers look for foods that preserve the nutrition and flavor of the fresh product
(Bansal et al., 2015; Pasha et al., 2014). To preserve the nutrition of foods and address
food safety concerns, non-thermal processing methods, like HPP, are being explored as
potential alternatives to thermal treatments (Considine et al., 2008; Jan et al., 2017).
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However, HPP is known to affect the secondary structure of proteins while the food is
held under immense pressure (up to 600 MPa), which could lead to irreversible
denaturation of the proteins, changes in protein functionality and enzyme activity, and
enhanced enzymatic hydrolysis of proteins (Avelar et al., 2021; Eisenmenger & ReyesDe-Corcuera, 2009; P. Meinlschmidt et al., 2017; Prieto et al., 2014).
Enzymatic hydrolysis is an important step in the production of plant-based foods
and milks (Akharume et al., 2021; Reyes-Jurado et al., 2021; Sethi et al., 2016). Plant
proteins can be hard to digest and benefit from hydrolysis to enhance their digestibility
and solubility (Dias et al., 2008; Gu et al., 2022), thus improving their overall nutritional
benefits (Clemente, 2000; Segura-Campos et al., 2012). Improved solubility of
hydrolyzed plant proteins can also aid extraction and increase protein yields (Mäkinen et
al., 2016). Hydrolysis can impact viscosity of the beverage as soluble hydrolysates has
less effect on viscosity than intact proteins do (Jideani, 2011). For example, enzymatic
hydrolysis reduces gelatinization during oat milk production and reduces beany flavor
compounds during soy milk production (Sethi et al., 2016). However, enzymatic
hydrolysis can produce bitter flavors and astringency, so the extent of hydrolysis must be
controlled (R. R. da Silva, 2021; Meinlschmidt et al., 2016).
For consumers seeking minimally processed plant-based milks or beverages, HPP
has the potential to replace several steps in the current production process (Figure 1.1),
thus simplifying and increasing manufacturing throughput without sacrificing food safety
and product quality. However, there is a gap in the scientific literature on the effects of
HPP treatment on the inactivation of foodborne pathogens in neutral pH beverages,
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activity of proteases used in food manufacturing, and efficacy of enzymatic hydrolysis of
proteins in plant-based milks.
Therefore, the overall objective of this study was to investigate the feasibility of
using HPP as an alternative process in the production of a plant-based milk. The specific
objectives were as follows:
1. Determine whether HPP treatment can inactivate Listeria innocua, a potential
surrogate for Listeria monocytogenes commonly used in HPP studies, in cashew milk
by at least 5 log10 CFU/mL and monitor the outgrowth of L. innocua; and
2. Determine whether HPP treatment can speed up the enzymatic hydrolysis of the
cashew milk proteins and evaluate HPP’s effect on foaming capacity of cashew milk.
For the first objective, it was hypothesized that HPP parameters currently used in
industry – 600 MPa for at least 3 min chilled water as the pressurizing fluid – can
inactivate and reduce L. innocua populations by at least 5 log10 CFU/mL. However,
longer holding times (i.e., 6 min) and higher processing temperatures (i.e., room
temperature water) will be needed to control its recovery and outgrowth during the
cashew milk’s refrigerated shelf-life. Compared to heat pasteurization, HPP is an
expensive process to implement so the resulting shelf-life of HPP-treated cashew milk
must be comparable to that of heat pasteurized cows’ milk, which is 14-21 days (Barbano
et al., 2006).
For the second objective, it was hypothesized that HPP treatment of 590 MPa for
6 min using chilled water would have minimal effect on Alcalase® (Product No. 2.4L
FG, Novozymes, Bagsvaerd, Denmark) and its activity would be enhanced by HPP
treatment. Foaming capacity of the HPP-treated cashew milk would depend on the extent
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of hydrolysis (Hammershøj et al., 2008; Townsend & Nakai, 1983) as, generally,
hydrolysates produce foams and emulsions as well as or better than intact proteins
(Brückner-Gühmann et al., 2018; Ruíz-Henestrosa et al., 2007; Van der Ven et al., 2002;
Zeng et al., 2013). Food-grade Alcalase® was chosen as the enzyme utilized in this work
because of its commercial availability and use in the production of food protein
hydrolysates (Chew et al., 2018; Tacias-Pascacio et al., 2020). Alcalase® is a mixture of
enzymes sold by Novozymes (Bagsvaerd, Denmark) consisting primarily of subtilisin A
(Adamson & Reynolds, 1996; Liu et al., 2019). Alcalase® is an endopeptidase that is
used for a wide array of applications (Tacias-Pascacio et al., 2020), including protein
hydrolysates and improving protein functional properties (Li et al., 2022).
The thesis contained herein contains five chapters. Chapter 1 introduces the
motivation for and the objectives and hypotheses of the study. Chapter 2 provides a
review of the literature on HPP effects on foodborne pathogens, protein structure and
functionality, and protease activity. Chapter 3 details the materials and methods used to
achieve the objectives of the study. Chapter 4 discusses the results and analysis of the
data collected, as well as comparing them to similar published studies. Finally, Chapter 5
summarizes the conclusions that can be drawn from this study and suggests future work.
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Figure 1.1 Comparison of conventional process for production of plant-based milks and
the proposed process using HPP. Information modified from McClements et al. (2019).
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CHAPTER 2. LITERATURE REVIEW
2.1

Plant-based milks
Plant-based foods are growing in popularity because of changing consumer

preferences (McClements et al., 2019). Plant-based milks are beverages made from
suspensions of plant material (e.g., nuts, seeds, grains, and legumes) in water (Penha et
al., 2021). The milk alternatives vary in nutritional profile depending on the plant
material used with soy milk having the nutritional profile closest to cow’s milk
(Munekata et al., 2020). The physicochemical properties of plant-based milks also vary
widely depending on the plant material used (Jeske et al., 2017).
Consumer preferences are also trending towards foods that are minimally
processed and “clean-label” that are perceived as healthier (Bansal et al., 2015; L.E.K.
Consulting, 2018). Consumers want minimally processed foods that preserve the
nutritional content of fresh foods that may be degraded by thermal processing (Pasha et
al., 2014). The term, “clean-label”, is generally meant that additives and preservatives are
minimal, the ingredients are perceived as natural, and consumers are familiar with all
ingredient names (L.E.K. Consulting, 2018; Noguerol et al., 2021). However, the desire
for minimally processed and “clean-label” foods poses a challenge for the food safety and
shelf-life of products that requires innovative technologies (Huang et al., 2017).
Although the popularity of these alternatives is rising, plant-based milks lack the
same physicochemical properties as cow’s milk, which means they cannot be used as a
true replacement (McClements et al., 2019; Munekata et al., 2020; Sethi et al., 2016).
There are opportunities to implement changes in the current processing method for
production of plant-based milk to improve its properties (Figure 1.1). A potential method
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of improving the properties of plant-based milks is introducing innovative processing
technologies to the production process. High-pressure processing (HPP) is a processing
technology used as an alternative to heat-treatment that could be applied to plant-based
milk production to replace pasteurization and accelerate hydrolysis (Figure 1.1). As a
minimal processing technology, HPP can provide food safety and shelf-life extension
while minimizing the need for preservatives (Considine et al., 2008; Rastogi et al., 2007).
HPP is known to preserve sensory properties of fresh foods and nutrients, like vitamins,
that may be degraded by thermal processing (Jan et al., 2017).
2.2

Cold pasteurization by HPP
HPP shows promise as an alternative to heat treatment, however, further work is

necessary to determine optimal conditions for microbial reduction. HPP has been used to
achieve a greater than 5 log10 CFU/mL reduction for multiple pathogenic bacteria,
including Listeria monocytogenes, in acidified juices successfully (Usaga et al., 2021)
and in pH-neutral beverages such as coconut water (Raghubeer et al., 2020), at pressures
above 500 MPa and hold times of 3 min or less. The effect of HPP on background
microflora in soy milk was examined and HPP treatment at 600 MPa for 5 min decreased
the total bacterial count by more than 3 log10 CFU/mL (Smith et al., 2009). In the work of
Black et al. (2007), a greater than 5 log10 CFU/mL reduction of Listeria innocua was
achieved in phosphate-buffered saline and simulated milk ultrafiltrate after HPP
treatment at 500 MPa for 5 min at 20 °C, but only a 2.9 log10 CFU/mL reduction in skim
milk. Protein and fat levels in the beverage may provide protective effects against HPP
treatment (Ferreira et al., 2016; Patterson et al., 1995), which should be considered.
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In addition to replacing heat treatment, HPP could be used to extend the shelf life
of plant-based milk as it is frequently used for shelf life extension (Martínez-Monteagudo
& Balasubramaniam, 2016). Extending the shelf life of plant-based milks is an important
area for product improvement (Reyes-Jurado et al., 2021). Smith et al. (2009) achieved a
greater than two-week shelf-life extension of soymilk with HPP treatment at 600 MPa for
5 min hold time at 20 °C. The shelf life of strawberry juice was extended by 42 days with
HPP treatment at 300 MPa with 1 min hold time (Yildiz et al., 2021). HPP treatment of
an acorn beverage at 450 MPa with a hold time of 5 min provided a shelf life of 63 days
and improved quality characteristics of the beverage as compared to heat treatment
(Sardão et al., 2021). HPP can provide shelf life extension while preserving the quality
characteristics of the product (Jan et al., 2017), which is an additional benefit of using
HPP over heat treatment.
HPP treatment of plant-based milks poses some challenges with the current
regulatory framework. In the European Union, products treated with HPP must comply
with the Novel Foods Regulation that includes premarket authorization (Sónia M. Castro
et al., 2018). In the USA, HPP treatment is approved for use but, depending on the type
of product, companies must comply with the appropriate regulations (Sónia M. Castro et
al., 2018). Juice products treated with HPP must comply with Juice HACCP (21 C.F.R.

§ 120), which requires validation that the pressure, temperature and holding time
conditions used provide the minimum 5 log10 CFU/mL reduction in the most pertinent
pathogen in the juice (U.S. Food and Drug Administration, 2004). Plant-based milks pose
different food safety risks (biological, chemical or physical) than dairy milk, so
mandatory pasteurization of all milk and milk products sold across state lines (21 C.F.R.
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§ 1240.61) may not be applicable directly. Since plant-based milks are neither juice nor
dairy milk, some argue they would be categorized best as a ready-to-eat (RTE) product
under current U.S. legislations. RTE products are considered adulterated when L.
monocytogenes is detected (FDA, 2018). There is no specific guidance on validation
studies for L. monocytogenes in the USA, but guidance for EU RTE products give a 2
log10 CFU/mL recovery of the pathogen as a cut off for shelf-life (Beaufort et al., 2014).
Another consideration for HPP treatment of plant-based milks is the resistance of
bacterial spores to HPP (H. Zhang & Mittal, 2008). Since plant-based milks are low-acid
refrigerated foods, Clostridium botulinum is a microbial hazard that needs to be
considered if the only lethality step used in manufacturing was the HPP treatment (Glass
& Marshall, 2013; Huang et al., 2017). A potential method for controlling C. botulinum
in a “clean-label” plant-based milk is the addition of bacteriocins or probiotic bacteria
that produce bacteriocins (Alizadeh et al., 2020). Nisin and other bacteriocins can restrict
C. botulinum growth (Okereke & Montville, 1991; Rodgers et al., 2003), but the
composition of the food product may limit the effectiveness of the bacteriocin (Alizadeh
et al., 2020).
2.3

Effects of HPP on enzymes
The effect of high-pressure on enzyme activity has been studied but results lack

applicability for commercial use. The work of Kim et al. (2013) examined the effect of
medium high pressures, 100 and 300 MPa at 37 °C and holding times ranging from 60300 min, on the activity of several enzymes and found an increase in Alcalase activity
dependent on holding time. Similarly, Zhang et al. (2012) looked at the effect of highpressure on the digestion of chickpea protein isolate with Alcalase® with a treatment
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temperature of 50 °C and found a slight increase in Alcalase® activity at 200 MPa. These
results, while promising, are not be very applicable since treatment temperatures used
were higher than the room temperature or chilled conditions that would be used for HPP
treatments in industry (Huang et al., 2017). In addition, several research projects have
studied HPP as a pre-treatment step before hydrolysis and found improved hydrolysis of
HPP-treated proteins (Ahmed et al., 2019; Al-Ruwaih et al., 2019; T. Zhang et al., 2012).
However, these studies do not provide answers for how high-pressure affects the
hydrolysis as it occurs. The work of Garcia-Mora et al. (2016) examined the effect of
HPP on Alcalase® hydrolysis of pinto bean and found HPP-assisted hydrolysis increased
peptide content of smaller molecular weight peptides (< 15kDa).
2.4

Effects of HPP and hydrolysis on physicochemical properties of proteins
Due to the effect of high-pressure and enzymatic hydrolysis on protein structure,

HPP and HPP-assisted hydrolysis may improve the physicochemical properties of plantbased milks. High pressures are known to impact the structure and conformation of
proteins, which affects the foods’ physicochemical properties (Messens et al., 1997).
Physicochemical properties, such as foam stabilization, emulsion stabilization, and gel
formation, can be improved by HPP but are highly dependent on the protein (Queirós et
al., 2018). HPP has been used to induce gel formation of tofu at pressures greater than
300 MPa and room temperature (H. Zhang et al., 2005). Sim et al. (2020) used HPP to
improve the structure of plant-based yogurts made with various pulse proteins and
achieved gel strength comparable to commercial dairy yogurts. HPP treatment has been
shown to improve the foaming capacity of fava bean, lentil, and kidney bean protein
(Mulla et al., 2022). Krešic et al. (2006) found an increase in the foaming capacity of
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HPP treated whey protein isolate and a decrease in foaming capacity for whey protein
concentrate, which was attributed to formation of aggregates (Munir et al., 2019). Much
of the available research investigating changes in the physicochemical properties of
proteins induced by HPP use processing temperatures at or above room temperatures and
lower initial temperatures have not been widely studied.
Enzymatic hydrolysis fragments larger proteins into smaller proteins, which may
improve their properties (Aryee et al., 2018). Proteolysis is known to improve the
foaming capacity and decrease the foaming stability (Townsend & Nakai, 1983).
Hammershøj et al. (2008) investigated the effect of hydrolysis on an egg protein,
ovomucin, and found foaming capacity peaked when the degree of hydrolysis ranged
from 15-40%. Foaming capacity of partially hydrolyzed soy protein isolate was found to
be correlated with peptides in the molecular weight range of 5-10 kilodaltons (kDa)
(Zeng et al., 2013). Meinlschmidt et al. (2017) examined the physicochemical properties
of soy protein isolate before and after HPP-assisted enzyme hydrolysis at various
pressures and found improved protein solubility and foaming at 400-500 MPa. However,
any improvements in physicochemical properties are highly dependent on the enzyme
used as the peptide size distribution and structure impact the physicochemical properties
(Pam Ismail et al., 2020). For example, hydrolysis can produce short-chain peptides that
lack functionality and should be minimized to improve the properties of the hydrolyzed
protein (Pam Ismail et al., 2020).
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CHAPTER 3. MATERIALS AND METHODS
3.1. Cashew milk samples
Raw cashew milk was prepared from 450 g raw cashew pieces (We Got Nuts,
Monroe, NY) that were soaked in approximately 1.5 L reverse osmosis (R.O.) water and
refrigerated for 8 h. The soaked cashews were strained and re-suspended in R.O. water
(1:3 w/v) prior to blending for 1 min (Model BL700RE, SharkNinja Operating, LLC,
Needham, MA, USA). The blended mixture (called “milk”) was strained through a 200m nylon mesh bag to remove any remaining large pieces. The milk was de-fatted using
an electric cream separator (Model 101SB/18, Slavic Beauty, Los Angeles, CA, USA)
and stored at 4-5 °C until testing. A total of nine batches were prepared in this study and
milk samples from each batch were sent to the Food Analysis Facility of the Food
Processing Center (FPC) at the University of Nebraska-Lincoln for proximate analysis.
3.2. Effects of HPP treatment on inactivation of L. innocua
3.2.1. Inoculum preparation
Two strains of Listeria innocua Seeliger (ATCC 33090 and ATCC 51742,
American Type Culture Collection, Manassas, VA, USA) were used in this study. A
loopful of each strain was activated in 9 mL of tryptic soy broth (TSB) and incubated at
37 °C for 18-24 h and transferred twice, every 24 h, into sterile TSB before pooling both
strains inside of a sterile 50 mL conical tube. The two-strain cocktail mix was pelleted by
centrifugation (4500  g, 15 min, 4 °C) to harvest the cells, followed by washing twice
with sterile Butterfield’s dilution water and re-suspended in 45 mL of the same dilution
water. The two-strain cocktail mix was then cold-adapted in a 15 °C shaking incubator
for 72 h (Hayman et al., 2004).
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3.2.2. Preparation of inoculated packs
Based on preliminary experiments, the two-strain cocktail mix had ~109 CFU/mL
of L. innocua. Approximately 3.2-3.5 mL of the mix was inoculated into 320-350 mL of
cashew milk sample to yield ~ 107 CFU/mL. Aliquots (10 mL) of the inoculated milk
were transferred into 3-mil (0.0762 mm) thick polyethylene plastic pouches and heatsealed. Care was taken to remove any “dead air” in the inoculated packs prior to sealing.
All packs were triple-bagged with the packs dipped in 10% (v/v) bleach solution before
encasing it in the third bag. All packs were stored at 4 °C for 24 h prior to HPP treatment.
Inoculum levels and pre-HPP levels of L. innocua were confirmed with plate counts
following the procedures in Section 3.2.4.
3.2.3. High pressure processing treatment
Control samples (i.e., inoculated packs not designated for HPP treatment) were
kept under refrigeration until microbial enumeration, while the rest of the samples were
treated at either 300 or 590 MPa for 6 min using a HPP machine (Model 55L, Hiperbaric,
Burgos, Spain) in the food-grade pilot plant of the FPC. Note that 590 MPa was chosen
since most commercial HPP machines experience 1-2 % drift in pressure when they are
operated at a set pressure of 600 MPa (which is near the vessel’s maximum pressure
rating of 640 MPa) for several minutes. Preliminary tests completed using L.
monocytogenes in raw cashew milk processed at 590 MPa for 3 min showed greater than
2-log recovery of the pathogen after 14 days of refrigerated storage post-HPP treatment,
so holding time was increased to 6 min in this study. The pressurizing fluid used in the
HPP machine was water, which was either chilled to 4 ± 1 °C or kept at room
temperature (19-22 °C). Since HPP is used in industry for cold pasteurization of foods,
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most HPP service providers (called “tollers”) use chilled water during processing but
some manufacturers who own their own HPP equipment may opt to use room
temperature water instead during processing to save on operational costs. Hence,
processing using two commonly used fluid temperatures were included in this study.
After HPP treatment, all treated samples were stored along Control (non-HPP) samples at
4-5 °C until microbial enumeration.
3.2.4. Microbial enumeration and analysis
Per replicated cycle, three Control (non-HPP) and three HPP-treated samples
were enumerated for L. innocua at 24 h post-HPP treatment and one HPP-treated sample
for every sampling timepoint thereafter until Day 35 post-HPP or more than 2-log growth
or recovery was observed, whichever was sooner. All samples were plated in triplicates.
Each sample was serially diluted in 0.1 % (v/v) sterile peptone water and
enumerated on a thin agar layer of Oxford agar topped with tryptic soy agar (TSA) in a
2:1 ratio. Plates were incubated for 48 ± 2 h at 32 ± 2 °C. Plates having between 25 to
250 colonies were counted and the results reported in log10 CFU/mL. For plates with
colony numbers outside of this range, counts were reported as estimated counts. The
overall limit of detection was 1 log10 CFU/mL, which was the value reported when no
growth was observed.
The level of background microflora, specifically total or aerobic plate count (APC),
was enumerated also using one non-inoculated untreated cashew milk sample for every
sampling timepoint to help explain L. innocua growth in Control (non-HPP) samples. APC
were enumerated using Petrifilm™ (3M Company, Saint Paul, MN, USA) incubated for
48 ± 2 h at 36 ± 2 °C.
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To calculate the level of microbial inactivation, or log reduction, due to HPP
treatment, microbial counts from Day 1 post-HPP were subtracted from microbial counts
right before HPP treatment (Day 0). The level of growth or recovery post-HPP treatment
by L. innocua was determined as the difference from Day 1 microbial counts.
3.3. Effects of HPP treatment on Alcalase® and its activity
3.3.1. Enzyme and HPP treatment
Food-grade Alcalase® from Bacillus licheniformis (Product No. 2.4L FG,
Novozymes, Bagsvaerd, Denmark), hereafter referred to as "Alcalase”, was used in this
study. Undiluted Alcalase was subjected to 150-600 MPa of pressure for 6 min using
chilled water and the same 55 L HPP machine. Undiluted Alcalase samples were set
aside also, not HPP-treated, and served as Control samples (0 MPa). All samples were
stored at 4-5 °C until testing, which commenced within 48 h of HPP treatment.
3.3.2. Gel electrophoresis
All Alcalase samples were examined by sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS-PAGE) using the method outlined by Rao et al. (2020) with
some modifications. Specifically, each well of a 16.5% Tris-Tricine precast
polyacrylamide gel (Catalog No. 4563066, Mini-PROTEAN® TGX™, Bio-Rad,
Hercules, CA, USA) was loaded with 5 µL of buffer-sample mixture composed of 5 µL
of Tricine sample buffer for protein gels (Catalog No. 1610739, Bio-Rad, Hercules, CA,
USA) and 2.5 µL enzyme sample diluted 150x. The molecular weight standards used for
the Tris-Tricine gels were the Precision Plus Protein™ Dual Xtra Prestained Protein
Standards (Catalog No. 1610377, Bio-Rad, Hercules, CA, USA) The gels were stained
with Coomassie brilliant blue R-250 and incubated for 20 min at room temperature
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before de-staining with a methanol (Catalog No. A412-4, Fisher Scientific, Hampton,
NH, US), glacial acetic acid (Catalog No. A6283, Sigma-Aldrich, St. Louis, MO, US) ,
and distilled water (20:10:70 volume ratio) solution. The gels were imaged using the
Odyssey CLx imaging system (LI-COR, Lincoln, NE, USA).
3.3.3. Enzyme activity assay and data analysis
Enzyme activity was measured using the PierceTM fluorescent protease assay kit
(Catalog No. 23266, Thermo Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions. Briefly, 100 L each of diluted Alcalase samples, 1,000-0.1
µg/mL trypsin (provided in the kit, served as “standards” for a standard curve), and 25
mM Tris buffer with 0.15 M NaCl at pH 7.2 (provided in the kit, served as “blank”) were
added to the wells of a 96-well plate in duplicates. The Alcalase samples were diluted in
the provided buffer so that the fluorescence intensity values of the samples were within
the trypsin standard curve. A native casein protein that has been labeled using a large
molar excess of fluorescein isothiocyanate (FTC-Casein) was provided in the kit and
reconstituted in the Tris-buffer to yield 10 µg/mL FTC-Casein (called “working
reagent”). To each well, 100 L of this working reagent was added, and the whole plate
was allowed to incubate for 10 min at room temperature. The fluorescence intensity was
measured using 485 excitation and 538 nm emission filters (Model Synergy H1 Hybrid
Multi-Mode Microplate Reader, Biotek, Winooski, VT, USA). The fluorescence intensity
measurements for the blank samples were subtracted from those of each Alcalase sample
and trypsin standard. A standard curve (adjusted fluorescence intensity vs. TAME units
per mL) was developed from the trypsin standards and used to calculate the activity of
the Alcalase samples (Figure 3.1). One TAME unit hydrolyzes 1 µmole of p-toluene-
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sulfonyl-L-arginine methyl ester (TAME) per min at 25°C, pH 8.2, in the presence of
0.001 M calcium ion. Duplicate measurements were taken for each assay and the assay
was performed for the three sample replications.
3.4. Effects of HPP treatment on protein hydrolysis and foaming capacity
3.4.1. Sample preparation and HPP treatment
Cashew milk samples were prepared according to procedures outlined in Section
3.1. Undiluted Alcalase was added to the milk at a 0.01 % v:v ratio of enzyme to milk
immediately before HPP treatment. This enzyme loading was chosen based on
preliminary tests so that the peptide content results for the control and HPP-assisted
hydrolysis samples could be measured at the same dilution.
Cashew milk samples (with or without Alcalase) were subjected to 150-600 MPa
of pressure for 6 min using chilled water and the same 55 L HPP machine. Immediately
after HPP treatment, all samples were submerged in water for 10 min at 85 °C to
inactivate the enzyme (Garcia-Mora et al., 2016). A similar set samples were set aside,
not HPP-treated, and served as Control samples (0 MPa). All samples (HPP-treated and
Control) designated for foaming analysis were at stored 4 °C, while the rest of the
samples were stored at -80 °C before freeze drying. Freeze-dried milk samples were
stored at -20 °C until testing. The protein content of the freeze-dried milk samples was
estimated using the Lowry method with the color developed measured at 660 nm
wavelength (Rao et al., 2020).
3.4.2. Gel electrophoresis
All milk samples were examined by SDS-PAGE using the method outlined by
Rao et al. (2020) with some modifications. Specifically, each well of a 4–20 % Tris-
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Glycine precast polyacrylamide gel (Catalog No. 4561096, Mini-PROTEAN® TGX™,
Bio-Rad, Hercules, CA, USA) was loaded with 30 µg of protein from the freeze-dried
milk samples and molecular weight standards (Precision Plus Protein Dual Color
Standards, Catalog No. 1610374, Bio-Rad, Hercules, CA, USA). The gels were stained
with Coomassie brilliant blue R-250 and incubated for 20 min at room temperature
before de-staining with the same methanol, glacial acetic acid, and distilled water
(20:10:70 volume ratio) solution described for the SDS-PAGE analysis of the Alcalase
samples. The gels were imaged using the Odyssey CLx imaging system (LI-COR,
Lincoln, NE, USA).
3.4.3. Extent of hydrolysis
The extent of hydrolysis was measured using a fluorometric peptide content assay
and an o-phtaldialdehyde (OPA) method. The samples were prepared for analysis by
preparing a 1 mg/mL sample solution of the freeze-dried cashew milk in double distilled
water (ddH2O). The PierceTM Quantitative Fluorometric Peptide Assay (Catalog No.
23290, Thermo Scientific, Waltham, MA, USA) was used to measure the peptide content
of the samples. Briefly, the peptide standards were prepared from the provided standard
solution and 10 µL of sample and standard solutions were added to the microplate wells
(Catalog No. 88378, Thermo Scientific, Waltham, MA, USA). Then, 70 µL of the
provided assay buffer and 20 µL of the provided assay reagent was added to each well
under low light. The microplate was covered and incubated at room temperature for 5
min. Fluorescence intensity was measured at 390 nm excitation and 475 nm emission
using a microplate reader (Model Synergy H1, Biotek, Winooski, VT, USA). The peptide
content was calculated using a standard curve created from the peptide standards
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provided in the assay kit (Figure 3.2). The assay was duplicated for each sample
replication, and triplicates measurements taken in each assay for each sample.
For the OPA method, procedures outlined by Spellman et al. (2003) was
followed, with some modifications. The freeze-dried milk samples were diluted to a 1
mg/mL solution and 20 µL of the re-constituted milk sample was mixed with 2.4 mL of
OPA reagent in a quartz cuvette. The absorbance of 2.6 mL of sample was measured at
340 nm after 2 min (Model Lambda XLS, PerkinElmer Inc., Waltham, MA, USA).
Triplicate measurements were taken for each sample. The results were reported as
percent relative absorbance increase with respect to the control (Peñas et al., 2004).
3.4.4. Foaming capacity test
Foaming capacity was measured according to procedures outlined by Saricaoglu
et al. (2018) with some modifications. Before foaming, milk samples were heated to ~ 50
°C in a water bath (Model No. 148007, Boekel Industries, Inc., Feasterville-Trevose, PA,
USA). A 50 mL-aliquot sample was placed in a graduated cylinder and was mechanically
agitated for 2 min using an electric milk frother (Model No. EW-071, kbxstart, Shenzhen,
China) set at 13500 rpm. The foaming capacity was measured as the percent increase of
the sample volume after agitation and performed in duplicates.
3.4.5

Experimental designs and statistical analyses
To test the effects of HPP treatment on the inactivation of L. innocua, an

experiment was carried out as a completely randomized design with one factor, combined
pressure-time-temperature treatments: (a) 300 MPa for 6 min using chilled water; (b) 590
MPa for 6 min using chilled water; and (c) 590 MPa for 6 min using room temperature
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water. All HPP treatments were conducted with three replications, each containing one
biological replication of cashew milk.
To test the effects of HPP treatment on enzyme activity, an experiment was
carried out as a randomized block design. The factor was pressure [five levels: 0
(Control), 150, 300, 450, and 600 MPa]. A one-way analysis of variance (ANOVA) using
Satterthwaite’s method was conducted, and Tukey’s multiple comparison tests used to
compare the estimated means from the linear mixed models.
Finally, to the test effects of HPP treatment on protein hydrolysis and foaming
capacity, an experiment was conducted as a randomized complete block design with a
nested factorial design. The factors were Alcalase (two levels: present or absent) and
pressure [five levels: 0 (Control), 150, 300, 450, and 600 MPa]. All treatment
combinations were conducted in triplicates, and each technical replicate was a biological
replicate. The response variables were foaming volume increase, peptide content and
relative absorbance increase (OPA). A two-way analysis of variance (ANOVA) using
Satterthwaite’s method was conducted, and Tukey’s multiple comparison tests used to
compare the estimated means from the linear mixed models.
All statistical analyses were conducted using RStudio (RStudio Team, 2021) and
significance was determined using p < 0.05.
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Figure 3.1. Standard curves used for the calculation of trypsin and Alcalase enzyme
activity.
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Figure 3.2. Standard curves used for the calculation of sample peptide content.
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CHAPTER 4. RESULTS AND DISCUSSION
4.1. Proximate values of cashew milk samples
To determine the composition of the cashew milk used in the study, proximate
analysis was conducted on all cashew milk batches prepared for the microbial food safety
and protein characteristic experiments. The defatted cashew milk batches ranged in fat
content from 0.04% – 0.74% (Table 4.1), and the average fat content of the cashew milk
was close to that of skim cow’s milk (USDA, 2019). The protein content of the cashew
milk also varied across the batches, ranging from 0.67 – 1.31% protein (Table 4.1).
4.2. Effects of HPP treatment on inactivation of L. innocua
Greater than a 5-log reduction in L. innocua was achieved in cashew milk samples
treated at 590 MPa for 6 min using either chilled or room temperature water, but not at
300 MPa for 6 min using chilled water where no reduction was observed (Figure 4.1).
The microbial reductions observed for cashew milk samples treated at 590 MPa align
with literature values. Castro et al. (2015) reported microbial inactivation of L. innocua
2030c in tryptic soy broth with yeast extract HPP treated at 600 MPa and 10˚C for 5 min.
Similarly, (Bruschi et al., 2017) reported a 6-log reduction in L. innocua 2030c PHLS
NCTC 11288 in tryptic soy broth with yeast extract HPP treated at 600 MPa and 10˚C
with a hold time of 5 min. Microbial reductions of 9.2-log have been reported for L.
innocua NCTC 10528 in tryptic soy broth with HPP treatment at 600 MPa and 22-24 °C
with a hold time of 5 min (Ferreira et al., 2016). Comparable results were limited to
experimental work using more neutral pH solutions as there are no reported microbial
reductions of L. innocua in plant-based milks treated with HPP in the scientific literature.
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The lack of microbial reduction observed for the 300 MPa treated cashew milk
are similar to other literature reports. Patterson et al. (1995) investigated the sensitivity of
L. monocytogenes in phosphate-buffered saline to HPP treatment at 300 MPa at 20 °C at
various holding times and observed no reduction with a holding time of 5 min. Similarly,
Castro et al. (2015) reported a less than 1-log reduction observed for L. innocua 2030c in
tryptic soy broth with yeast extract HPP treated at 300 MPa and 10 °C for 5 min.
Nasiłowska et al. (2019) reported a less than 1-log reduction of L. innocua CIP80.11T in
McIlvaine buffer HPP treated at 300 MPa and 20 °C for 5 min. However, larger
microbial reductions than those observed in this study have been reported, such as a
reported 5.6 log reduction of L. innocua NCTC 10528 in tryptic soy broth HPP treated at
300 MPa and 4 °C for 5 min (Ferreira et al., 2016). The differences in microbial
reduction may be due to the differences in product composition between the cashew milk
and the tryptic soy broth (Ferreira et al., 2016).
Other bacterial pathogens of interest have different pressure sensitivities than
Listeria spp. that would impact the effectiveness of microbial inactivation by HPP. Gramnegative bacteria, such as Salmonella spp. and Escherichia coli O157:H7, are known to
be more sensitive generally to pressure than Gram-positive bacteria, like Listeria spp.,
which is thought to be due to the cell membrane structure of Gram-negative bacteria
(Considine et al., 2008; Syed et al., 2016). However, pressure resistance is species and
strain dependent (Considine et al., 2008). Patterson et al. (1995) compared the pressure
sensitivity of multiple pathogenic bacteria and found E. coli O157:H7 NCTC 12079 and
L. monocytogenes NCTC 11994 to be most pressure resistant strains of the bacteria
tested. HPP treatment does not inactivate bacterial spores (H. Zhang & Mittal, 2008);
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therefore, C. botulinum would be of concern in HPP treated cashew milk due to the high
pH and refrigerated storage of the beverage (Peck, 2006).
The recovery and growth of L. innocua in cashew milk sample treated at 590 MPa
for 6 min when processed using chilled water steadily increased during refrigerated
storage and surpassed 2 log10 CFU/mL by Day 21 post-HPP (Figure 4.1b). There was
high variability in L. innocua counts on Day 21 which could be attributed to slight
differences among the HPP replication runs and microbial sublethal injury (Yuste et al.,
1999). Figure A.1 from the Appendix shows the variability in the HPP replicated cycles.
Overall, these results suggested that HPP treatment of 590 MPa for 6 min using chilled
water can control outgrowth of L. innocua for a period of 14 days (Beaufort et al., 2014),
but changes in organoleptic properties (e.g., color, smell, taste, mouthfeel, etc.), lipid
oxidation and overall microbial quality (i.e., levels of spoilage microorganisms) will need
to be assessed to determine properly the shelf-life of the HPP-treated cashew milk.
The recovery and growth of L. innocua in cashew milk treated at 590 MPa for 6
min at room temperature did not surpass 2 log CFU/mL even after 35 days of refrigerated
storage (Figure 4.1c), which is twice as long as the typical shelf-life of thermally
pasteurized cow’s milk (Barbano et al., 2006). Based on these results, this set of HPP
parameters could control outgrowth of Listeria innocua for a period of 35 days for the defatted cashew milk (Beaufort et al., 2014).
The recovery and growth of L. innocua in cashew milk treated at 300 MPa for 6
min using chilled water were consistent with the growth observed in Control (non-HPP)
milk (Figure 4.1a). Thus, enumeration was halted after Day 14. These results showed this
set of HPP parameters is not viable for cold pasteurization of cashew milk.
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The microbial reductions and recovery observed with the defatted cashew milk
used in this study should not be extrapolated for cashew milk products with higher fat
content, as fat content can influence microbial inactivation with HPP (Syed et al., 2016)
and even provide a baroprotective effect (Ferreira et al., 2016). Further challenge studies
examining microbial reduction of L. innocua in non-defatted cashew milk are
recommended.
APC levels in non-inoculated and non-HPP-treated cashew milk were 3.22 ± 0.04
log10 CFU/mL at Day 0 and steadily increased to 4.29 ± 0.27 log10 CFU/mL (estimated)
by Day 7 and 8.83 ± 0.12 log10 CFU/mL by Day 21. The background microbes present in
the HPP treated sample may be outcompeting the L. innocua during shelf life as certain
strains of L. innocua are weaker competitors (Heir et al., 2018), which must be
considered in future shelf life studies. In addition, even though yeasts and molds are
generally known to be more sensitive to pressure than bacteria (Daher et al., 2017), the
yeasts and mold can recover during storage (Daryaei et al., 2016). HPP has been used to
control spoilage microorganisms and extend shelf life in milk and plant-based milks. In
the work of Stratakos et al. (2019), raw cow’s milk was treated with HPP at 600 MPa at
18 °C for 3 min, which extended the shelf life by one week compared to thermally
pasteurized samples. Smith et al. (2009) found HPP treated soymilk samples at 600 MPa
at 25 °C for 1 and 5 min were below the spoilage threshold of 7-log CFU/mL at Day 28.
HPP treatment at 450 MPa at 15-20 °C for 5 min of an acorn beverage controlled
spoilage micro-organisms up to Day 63 (Sardão et al., 2021). HPP treatment can control
spoilage micro-organisms in plant-based milk, but the optimal processing conditions
should be determined for each specific product to ensure food safety and quality.
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4.3.Effects of HPP treatment on Alcalase® and its activity
The SDS-PAGE gels of Alcalase samples did not show any band shifts with
pressure treatment (Figure 4.2). Alcalase activity was not affected significantly by HPP
treatment (F = 0.4432; df = 4, 8; p = 0.7749) (Figure 4.3 and Table 4.2). Therefore,
enzymatic hydrolysis by Alcalase during HPP treatment was possible. There was high
variability among replications which, may be a result of multiple factors, including
variability in temperature across replicated HPP replications, and Alcalase being a
mixture of multiple proteases. Small changes in temperature, as well as combined effects
of pressure and temperature, can affect protease activity (Eisenmenger & Reyes-DeCorcuera, 2009; Scopes, 2002).
The Hiperbaric 55L machine is equipped with a sensor to monitor the temperature
of the water in the reservoir before and after HPP treatment. However, it does not have a
sensor inside the pressure vessel to monitor water temperature during HPP treatment.
Thus, while it was possible to determine pressure fluctuations within and across
replications, it was not possible to do so for temperature fluctuations.
4.4. Effects of HPP treatment on protein hydrolysis and foaming capacity
4.4.1. Gel electrophoresis
There were no visible band shifts in proteins for the non-hydrolyzed cashew milk
treated with HPP (Figure 4.4a). However, there were visible band shifts for the
hydrolyzed cashew milk treated with HPP (Figure 4.4b), indicating hydrolysis had taken
place under pressure. As pressure level increased, protein size decreased. The protein
bands located at approximately 50 kDa, between 37 and 25 kDa and between 25 and 20
kDa, and 7 kDa likely corresponded to the Ana o 1, subunits of Ana o 2, and Ana o 3
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proteins, respectively (Mattison et al., 2016). In the absence of Alcalase, the Ana o 1
protein band did not shift when milk was treated with HPP only but shifted when
Alcalase was present in the sample during HPP treatment. Similarly, the Ana o 2 protein
bands shifted and gradually decreased in intensity during HPP treatment when Alcalase
had been added to the milk. These observations were consistent with previous reports that
Ana o 1 is more sensitive to degradation than Ana o 2 and Ana o 3 (Mattison et al.,
2016). However, the changes seen for the Ana o 1 may be due to the heat treatment used
to stop hydrolysis after HPP.
4.4.2. Extent of hydrolysis
The peptide content assay results showed a difference in peptide content between
the HPP-treated milk and the Control due to presence of Alcalase (F = 17.1944; df = 1,
4.45; p = 0.0114) and pressure (F = 42.1719; df = 5, 18.2053; p = 2.185  10-9), and there
were interaction effects between presence of Alcalase and pressure (F = 9.5976; df = 4,
18.1535; p = 0.0002355) (Table 4.3). The peptide content for the cashew milk treated
only with HPP were significantly higher than the Control. The peptide content of the
hydrolyzed cashew milk samples treated with HPP were significantly higher than the
HPP only samples and the cashew milk sample hydrolyzed at atmospheric pressure
(Figure 4.5). The trends in the peptide content results are supported by results reported by
Garcia-Mora et al. (2016) examining HPP-assisted hydrolysis of pinto bean protein with
Alcalase that show a significant difference between the peptide content of the untreated
control, the atmospheric hydrolysis sample, and the HPP-assisted hydrolysis samples.
The OPA assay results showed there was a difference in percent relative
absorbance increase due to pressure (F = 4.95; df = 4, 12.07; p = 0.0135) (Table 4.4).
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There was no significant difference due to Alcalase at the same pressure (Figure 4.6). The
percent relative absorbance for the hydrolyzed cashew milk treated at 600 MPa was
significantly higher than the hydrolyzed milk treated at 150 MPa (df = 12.2; p = 0.0096),
but there were no other differences across pressure for the hydrolyzed cashew milk.
These results differ from the relative absorbance increase values reported by Peñas et al.
(2004) ranging from approximately 20 – 75% relative absorbance increase for soybean
whey samples that underwent HPP-assisted hydrolysis at 100 MPa and 200 MPa.
However, the experiments for the HPP-assisted hydrolyzed soybean whey samples used
trypsin, chymotrypsin, and pepsin, and the HPP treatment was carried out at 37 °C for a
15 min hold time (Peñas et al., 2004), which limits the comparisons that can be drawn
between the two sets of results. Due to the unique factors used in this experiment, there
were no results available in the literature that could be used for comparison.
There was high variability in the OPA assay between sample replications, which
may be due to variabilities in cashew milk composition, HPP cycle runs affecting enzyme
hydrolysis, total hydrolysis time, protein conformational changes and aggregation due to
pressure. The protein content across the cashew milk batches used did vary, which would
affect the results of the OPA assay since it measures primary amines of proteins
(Spellman et al., 2003). Slight variations in temperature and pressure during HPP
treatment could have resulted in differences in the hydrolysis of the cashew milk proteins
and in turn effect the OPA results (Eisenmenger & Reyes-De-Corcuera, 2009; Scopes,
2002). The total hydrolysis time of the samples was variable due to the differences in
come up time until the set pressure was reached. The total hydrolysis time ranged from
14 – 18 min with samples treated at 150 MPa toward the bottom end of the range and
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samples treated at 600 MPa at the top end of the range. HPP is known to affect protein
conformation and aggregation (Dhakal et al., 2016; Messens et al., 1997). Changes in
protein conformation may expose or hide lysine side chains, which also react with OPA
and would increase absorbance (Aryee et al., 2018; Nielsen et al., 2001). Aggregation of
cashew milk proteins may decrease OPA absorbance due to less exposed primary amines
to react with OPA (Spellman et al., 2003; Wang et al., 2010). The difference between the
peptide content and OPA assay results could also be attributed to these reasons, since the
peptide content assay used is optimized for small polypeptide chains, which would not be
as affected by aggregation and conformational changes as larger proteins (Mezzenga &
Fischer, 2013).
4.4.3. Foaming capacity
Foaming capacity was not affected significantly by pressure in the absence of
Alcalase, but significantly decreased with pressure in the presence of Alcalase [df = 18; p
= 0.00487 (C-150), 0.0003 (C-300), 0.0004 (C-450), 0.0041 (C-600)], (Figure 4.7). There
were interaction effects between presence of Alcalase and pressure on foaming capacity
(F = 6.6873; df = 4, 18.1613; p = 0.001723) (Table 4.5). The non-HPP treated hydrolyzed
milk was not different from the control (no HPP, no Alcalase), but the pressure-treated
hydrolyzed milk had significantly decreased foaming than the control (Figure 4.7). The
decrease in foaming capacity for the HPP treated hydrolyzed samples was due to either
decrease in protein solubility or increase in protein charge density from hydrolysis, and
excessive hydrolysis is known to decrease foaming capacity (Aryee et al., 2018;
Townsend & Nakai, 1983).
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4.4.4. Industrial Significance
The results of this study demonstrated that HPP treatment could be used to
replace the enzyme hydrolysis, blanching and thermal processing steps used in the
conventional manufacturing of plant-based milks (Figure 4.8a). HPP can be used to
develop a functional plant-based milk with high levels of hydrolysates with potential
bioactive properties that deliver health benefits (Marciniak et al., 2018). HPP can be used
to inactivate microbial cells. However, the processing parameters (e.g., temperature and
holding time) to be used with 600 MPa need to be optimized and balanced to achieve the
desired outcomes. In this study, optimum HPP conditions for pasteurization (i.e., 600
MPa for 6 min using chilled water) were used for enzyme hydrolysis and led to a degree
of hydrolysis that was detrimental to the foaming capacity of the cashew milk.
Placement of HPP in the process should be determined based on the desired
functions of HPP; for example, if HPP is utilized to extend the shelf life only and not for
nonthermal pasteurization, HPP should be used after thermal processing and final
packaging (Figure 4.8b). Alternatively, HPP could be used for protein extraction and
hydrolysis and should be placed before thermal processing in the production process
(Figure 4.8c). Thermal processing would still be necessary in this proposed process to
inactivate spoilage microorganisms and adequately address potential food safety hazards
as the HPP conditions for protein extraction and hydrolysis would not. Implementation of
HPP for production of plant-based milk may provide benefits over conventional
processing but requires optimization to achieve the desired results.
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4.5 Figures

Figure 4.1. Inactivation and recovery of Listeria innocua in cashew milk treated at (a)
300 MPa for 6 min using chilled water, (b) 590 MPa for 6 min using chilled water, and
(c) 590 MPa for 6 min using room temperature water. Samples were inoculated with
approximately 7.0 log10 CFU/mL and stored at 4˚C until enumeration. Mean microbial
counts and their standard errors are reported; counts below the limit of detection are
reported as 1.00 log10 CFU/mL.
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Figure 4.2. SDS-PAGE gel (stained with Coomassie Brilliant Blue) of high pressure
processed Alcalase®. Molecular weights are in kiloDalton units and pressures are in
megaPascal units.
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Figure 4.3. Enzyme activity of HPP treated Alcalase enzyme samples. Mean enzyme
activities are reported in TAME units/mL of enzyme calculated using a trypsin standard
curve. Error bars represent standard errors from three technical replications and the assay
was conducted in duplicate per replication. ANOVA results showed no significant
difference were found between means.
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Figure 4.4. SDS-PAGE gels (stained with Coomassie Brilliant Blue) of HPP-treated (a)
cashew milk and (b) cashew milk with Alcalase enzyme. (c) For comparison, the protein
profiles of (1) raw cashew milk, (2) commercially available cashew milk, and heatpasteurized cow’s milk (skim) are provided.
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Figure 4.5. Peptide content of HPP treated cashew milk (C) and hydrolyzed cashew milk
(H). Error bars represent standard errors from three technical and biological replications.
Peptide content assay was conducted in duplicate per replication. Means with no common
letters are different (p < 0.05).
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Figure 4.6. Relative absorbance increase (%) of HPP treated cashew milk (C) and
hydrolyzed cashew milk samples (H). Relative absorbance increase calculated with
respect to the control sample. Error bars represent standard errors from three technical
and biological replications. OPA assay was conducted in duplicate per replication. Means
with no common letters are different (p < 0.05).
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Figure 4.7. Volume increase (%) of HPP treated cashew milk (C) and hydrolyzed cashew
milk (H). Error bars represent standard errors from three technical and biological
replications. Foaming tests per replication were conducted in duplicate. Means with no
common letters are different (p < 0.05).
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Figure 4.8. Alternative processing methods for HPP treated cashew milk.
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4.6

Tables

Table 4.1. Proximate analysis results (g/100 g) for cashew milk batches prepared for the
study and comparison to skim cow’s milk.
Batcha
1
2
3
4
5
6
7
8
9
Mean ± SEb
Skim milkc

Fat
0.53
0.27
0.35
0.04
0.02
0.74
0.52
0.55
0.51
0.39 ± 0.08
0.08

Protein
1.11
1.10
0.87
0.89
0.94
1.31
0.69
0.67
0.81
0.93 ± 0.07
3.43

Carbohydrates
1.85
1.79
0.90
1.82
1.52
1.30
0.66
1.05
1.63
1.39 ± 0.15
4.92

Ash
0.16
0.10
0.73
0.22
0.29
0.07
1.09
0.68
0.14
0.39 ± 0.12
0.77

Water
96.36
96.96
97.15
97.03
97.23
96.58
97.04
97.06
96.91
96.92 ± 0.09
90.80

a

Batches 1-3 were used in microbial food safety experiments. Batches 4-6 and 7-9 were used for the
protein characteristics experiments without Alcalase and with Alcalase, respectively.

b

Standard error, SE

c

Proximate values for skim milk (USDA, 2019)

Table 4.2. One-way ANOVA results for enzyme activity of Alcalase. Significance was
determined using p < 0.05.
Pressure

DF
4, 8

F value
0.4432

p
0.7749

Table 4.3. Two-way ANOVA results for peptide content of cashew milk samples.
Significance was determined using p < 0.05.
Pressure
Alcalase Presence
Alcalase Presence:Pressure

DF
5, 18.2053
1, 4.4544
4, 18.2053

F value
42.1719
17.1944
9.5976

p
2.185E-9
0.0114233
0.0002355

Table 4.4. Two-way ANOVA results for relative absorbance increase (o-phtaldialdehyde
assay) of cashew milk samples. Significance was determined using p < 0.05.
Pressure
Alcalase Presence
Pressure:Alcalase Presence

DF
4, 12.0739
1, 4.0246
3, 12.0519

F value
4.954
0.007
2.277

p
0.0135
0.9373
0.1316
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Table 4.5. Two-way ANOVA results for volume increase (%) (foaming capacity) of
cashew milk samples. Significance was determined using p < 0.05.
Pressure
Alcalase Presence
Pressure:Alcalase Presence

DF
5, 18.1613
1, 4.4046
4, 18.1613

F value
5.2284
8.8733
6.6873

p
0.003808
0.036129
0.001723
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK
5.1. Conclusions
In this work, the microbial food safety and effect on proteins were investigated for
HPP treatment of cashew milk. HPP treatment of raw cashew milk at 590 MPa for 6 min
using either chilled or room temperature water achieved a greater than 5 log CFU/mL
reduction of L. innocua in cashew milk. The pressurizing fluid temperature affected the
recovery of L. innocua, showing greater than a 2 log CFU/mL growth by Day 21 postHPP when processed using chilled water but remaining below 2 log CFU/mL even by
Day 35 post-HPP when processed using room temperature water. Both HPP treatment
conditions could control the outgrowth of L. innocua for a period of 14 days or more,
which is a time span comparable to the shelf life of heat pasteurized cow’s milk. Alcalase
activity was not affected by HPP treatment, allowing for HPP-assisted hydrolysis to
occur. HPP treatment alone did not show any visible band shifts of the cashew milk
proteins in the SDS-PAGE images but significantly increased the peptide content of the
cashew milk. HPP-assisted hydrolysis of cashew milk showed visible band shifts in the
SDS-PAGE gels and significantly increased peptide content of the cashew milk. HPPassisted hydrolysis increased the hydrolysis of the cashew milk as compared to the
atmospheric hydrolysis control sample. Foaming capacity of the cashew milk was not
significantly affected by HPP, but HPP-assisted hydrolysis significantly decreased
foaming capacity.
5.2. Future Work
The HPP parameters tested in this research were chosen since they aligned with
those currently used in the U.S. food industry, so there are several limitations in this work
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that could be further explored in the future. A limitation of this work was the ability to
control and monitor the temperature of the samples during processing due to the machine
used, which was chosen because its size was similar to commercial HPP machines. Other
areas recommendation for exploration are:
High pressure homogenization. HPP-assisted hydrolysis did not improve the foaming
properties of the cashew milk, so other alternative technologies such as high-pressure
homogenization (HPH) should be considered to improve the foaming properties of plantbased milks. HPH has been shown to improve functional properties of plant-based milks
and provide microbial inactivation comparable to heat treatment (Ferragut et al., 2015;
Saricaoglu et al., 2018). HPH is also known to inactivate bacterial spores and could
potentially be used to control the potential hazard of C. botulinum (Patrignani &
Lanciotti, 2016; Sevenich & Mathys, 2018). Comparison of the effect of HPH and HPP
treatment on microbial reduction and proteins would help to discern if any effects are
resulting from pressure alone or the combination of pressure and heat.
Baroprotective effect of fat content. The microbial reduction and recovery seen for the
defatted cashew milk cannot be applied to full-fat cashew milk as fat content can
influence the effectiveness of HPP (Syed et al., 2016). The microbial food safety
experiments can be repeated with cashew milk that has not been defatted to identify the
influence of fat content on the effectiveness of HPP treatment on L. innocua.
Enzyme choice and hydrolysis parameters. Hydrolysis of cashew proteins using
Alcalase® and processing parameters chosen for this study did not enhance foaming
capacity, but improvement of functional properties of hydrolysates is highly dependent
on protein and enzyme used (Pam Ismail et al., 2020). Utilizing a different enzyme may
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result in improvement of functional properties (Zeng et al., 2013), so future experimental
work should investigate the use of other enzymes for HPP-assisted hydrolysis. In
addition, the longer hold time of 6 min used for the experiments was chosen to align with
the microbial food safety objective and future work should consider an optimization
study of hold time for HPP-assisted hydrolysis.
Protein functionality and particle size. Future work investigating the effect of HPP on
cashew milk and other plant based milks should consider multiple physicochemical
properties to obtain a holistic picture of the effect of HPP on the physicochemical
properties.
Bioactivity of cashew hydrolysates. HPP-assisted hydrolysis of cashew milk increased
peptide content, which may have created bioactive peptides. If the peptides created
during HPP-assisted hydrolysis are shown to have beneficial effects, the processing
method could be used for the creation of a functional food. Mass spectrometry (MS)
analytical methods could be used to identify potential bioactive peptides and experiments
using MS are currently in progress. However, off-flavors may have developed due to
enzyme hydrolysis, so sensory acceptability of hydrolyzed cashew milk should be tested
in any future product development process. The information gathered in this work can be
used in the development of plant-based milks using HPP or HPP-assisted hydrolysis.
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Appendix A. Pressure Time Graphs of HPP Runs
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Figure A.1. Pressure-time graphs of HPP runs of Listeria innocua in cashew milk treated
at (a) 300 MPa for 6 min using chilled water, (b) 590 MPa for 6 min using chilled water,
and (c) 590 MPa for 6 min using room temperature water (c). Three replicate runs were
conducted for each processing condition.
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Figure A.2. Pressure-time graphs of HPP runs for cashew milk only treated at 150 – 600
MPa for 6 min using chilled water. Three replicate runs were conducted for each
processing condition. Data for third replication of 450 MPa treatment were not recorded
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Figure A.3. Pressure-time graphs of HPP runs for Alcalase enzyme only treated at 150 –
600 MPa for 6 min using chilled water. Three replicate runs were conducted for each
processing condition.
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Figure A.4. Pressure-time graphs of HPP runs for cashew milk and Alcalase® mixture
treated at 150 – 600 MPa for 6 min using chilled water. Three replicate runs were
conducted for each processing condition. Data for third replication of 600 MPa treatment
were not recorded.
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Appendix B. R code for Statistical Analysis
B.1 Enzyme Activity R Code
Example of Data Organization
Batch
1
1
1
1
1

Sample
HPP
HPP
HPP
HPP
HPP

Pressure Rep
Control
Control
150
150
300

1
2
1
2
1

Enzyme
Activity
32618.04
40905.54
34718.25
55216.7
40449.95

…
# LOAD LIBRARIES
library(readr)
library(tidyverse)
library(lme4)
library(lmerTest)
library(emmeans)
library(car)
library(ggpubr)
library(rstatix)
library(ggplot2)
library(ggprism)
library(patchwork)

# IMPORT DATA
ea_values <- read_csv(file = "Enzyme Activity2.csv")

# MAKE SURE COLUMNS ARE FORMATTED PROPERLY
# Want columns/variables to reflect type: Factor, Character, Numeric, etc. (notice differences in summary)
factorCols <- c("Batch", "Sample", "Pressure", "Rep")
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ea_values$Pressure <- factor(ea_values$Pressure,levels = c("Control", "150", "300", "450", "600"))
ea_values[,factorCols] <- lapply(ea_values[,factorCols], factor)
summary(ea_values)

# AVERAGE OVER REPS
avg_ea_values <- ea_values %>%
group_by(Batch, Sample, Pressure) %>%
summarize(AvgActivity = mean(`Enzyme Activity`)) %>%
ungroup()
summary(avg_ea_values)

# PLOT AVERAGED DATA
avg_ea_values %>%
ggplot(aes(x = Pressure, y = AvgActivity, color = Batch, shape = Batch)) +
geom_jitter(height = 0, width = 0.1, size = 2) +
theme_bw() +
scale_color_brewer(palette = "Paired")

# FIT LMM TO ORIGINAL DATA
# RANDOMIZED COMPLETE BLOCK DESIGN (RCBD)
# peptide content = pressures + random batch + error

ea.lmm <- lmer(AvgActivity ~ Pressure + (1|Batch), data = avg_ea_values)
summary(ea.lmm)
anova(ea.lmm)
# Big picture, is there a difference yes/no? look at p-value for pressure # REPORT THIS

plot(ea.lmm) # check model assumptions (looks good)
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qqnorm(resid(ea.lmm))
qqline(resid(ea.lmm))

# OBTAIN EMMEANS (In sas called lsmeans)
ea.emmeans.lmm <- emmeans(ea.lmm, ~ Pressure)
ea.emmeans.lmm

#multiple comparisons to get significance symbols
ea.groups.lmm <- cld(ea.emmeans.lmm, Letters = letters, adjust = "none", alpha = 0.05) %>%
as_tibble() %>%
mutate(.group = str_trim(.group)) %>%
na.omit()
ea.groups.lmm

# PLOT ESTIMATED MEANS AND 95% CONFIDENCE INTERVAL
ea.emmeans.lmm %>%
as_tibble() %>%
ggplot(aes(x = Pressure, y = emmean)) +
geom_point(size = 3) +
geom_errorbar(aes(ymin = emmean-SE, ymax = emmean+SE), width = 0.2) +
theme_classic(base_size = 20) +
ylab("Enzyme Activity (TAME units/mL)") +
xlab("Pressure (MPa)") +
scale_y_continuous(breaks = seq(-5000,70000,10000), limits = c(0,70000))

# TUKEY COMPARISONS BETWEEN PRESSURES
pairs(ea.emmeans.lmm)

69

B.2 Peptide Content R Code
Example of Data Organization
Batch
1
1
1
1
1
1

Sample
C
C
C
C
C
C

Pressure Rep
Control
Control
150
150
300
300

1
2
1
2
1
2

Peptide
Content
57.56
61.77
91.12
83.34
100.87
87.41

…
# LOAD LIBRARIES
library(readr)
library(tidyverse)
library(lme4)
library(lmerTest)
library(emmeans)
library(multcomp)
library(stringr)

# IMPORT DATA
peptide_values <- read_csv(file = "Peptide Results.csv")

# MAKE SURE COLUMNS ARE FORMATTED PROPERLY
# Want columns/variables to reflect type: Factor, Character, Numeric, etc. (notice differences in summary)
factorCols <- c("Batch", "Sample", "Pressure", "Rep")
peptide_values$Pressure <- factor(peptide_values$Pressure,levels = c("Control", "0", "150", "300", "450",
"600"))
peptide_values[,factorCols] <- lapply(peptide_values[,factorCols], factor)
summary(peptide_values)
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# AVERAGE OVER REPS
avg_peptide_values <- peptide_values %>%
group_by(Batch, Sample, Pressure) %>%
summarize(AvgPeptideContent = mean(`Peptide Content`)) %>%
ungroup()
summary(avg_peptide_values)

# PLOT AVERAGED DATA
avg_peptide_values %>%
ggplot(aes(x = Pressure, y = AvgPeptideContent, color = Batch, shape = Batch)) +
geom_jitter(height = 0, width = 0.15, size = 3, alpha = 0.8) +
facet_grid(~Sample) +
theme_bw() +
theme(aspect.ratio = 1) +
scale_color_brewer(palette = "Paired")

# FIT LMM TO ORIGINAL DATA
# RANDOMIZED COMPLETE BLOCK DESIGN (RCBD) with a nested factorial design
# peptide content = sample + pressure + sample:pressure + random batch + error

peptide.lmm <- lmer(log(AvgPeptideContent) ~ Sample*Pressure + (1|Batch), data = avg_peptide_values)
summary(peptide.lmm)
anova(peptide.lmm, type = "II")
# Big picture, is there a difference yes/no? look at p-value for pressure # REPORT THIS

plot(peptide.lmm) # check model assumptions (looks good)
qqnorm(resid(peptide.lmm))
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qqline(resid(peptide.lmm))

# OBTAIN EMMEANS (In sas called lsmeans)
peptide.emmeans.lmm <- emmeans(peptide.lmm, type="response", specs = ~ Sample:Pressure)
peptide.emmeans.lmm

pairs(peptide.emmeans.lmm)
peptide.groups.lmm <- cld(peptide.emmeans.lmm, Letters = letters, adjust = "sidak", alpha = 0.05) %>%
as_tibble() %>%
mutate(.group = str_trim(.group)) %>%
na.omit()
peptide.groups.lmm

# PLOT ESTIMATED MEANS AND 95% CONFIDENCE INTERVAL
# these letters are showing all pairwise comparisons across all 11 treatment combinations (sample x
pressure)
dodge = position_dodge(0.3)
peptide.groups.lmm %>%
ggplot(aes(x = Pressure, y = response, group = Sample, shape = Sample)) +
geom_point(size = 3, color = "black", position = dodge) +
#geom_point(data = avg_peptide_values, aes(x = Pressure, y = AvgPeptideContent), position =
position_jitterdodge(jitter.width = 0.15, dodge.width = 0.3), alpha = 0.5) +
#geom_line(position = dodge) +
geom_errorbar(aes(ymin = response-SE, ymax = response+SE), width = 0.2, position = dodge) +
geom_text(aes(label = .group, y = response+SE), vjust = -0.5, position = dodge) +
theme_classic(base_size = 20) +
ylab(expression("Peptide Content (" ~ mu *"g/mg)")) +
scale_y_continuous(breaks = seq(20,140,20), limits = c(10,170)) +
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xlab("Pressure (MPa)") +
scale_shape_manual(values = c(1, 16))

# TUKEY COMPARISONS BETWEEN PRESSURES WITHIN SAMPLES
pairs(emmeans(peptide.lmm, specs = ~ Pressure | Sample))
cld(emmeans(peptide.lmm, specs = ~ Pressure | Sample), Letters = letters)

# TUKEY COMPARISONS BETWEEN SAMPLES WITHIN Pressure
pairs(emmeans(peptide.lmm, specs = ~ Sample | Pressure))
cld(emmeans(peptide.lmm, specs = ~ Sample| Pressure), Letters = letters)
# REPORT ANY OF THESE THAT ARE OF INTEREST

B.3 OPA R Code
Example of Data Organization
Batch
1
1
1
1

Sample
C
C
C
C

…
# LOAD LIBRARIES
library(readr)
library(tidyverse)
library(lme4)
library(lmerTest)
library(emmeans)
library(multcomp)
library(stringr)

Abs
Absorbance
Pressure Increase Increase
150
0.78
78.08
300
1.14
113.7
450
1.81
180.82
600
3.52
352.05
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# IMPORT DATA
opa_values <- read_csv(file = "OPA Results2.csv")

# MAKE SURE COLUMNS ARE FORMATTED PROPERLY
factorCols <- c("Batch", "Sample", "Pressure")
opa_values[,factorCols] <- lapply(opa_values[,factorCols], factor)
summary(opa_values)

# PLOT AVERAGED DATA
opa_values %>%
ggplot(aes(x = Pressure, y = `Absorbance Increase`, color = Batch, shape = Batch)) +
geom_jitter(height = 0, width = 0.15, size = 3) +
# geom_smooth(aes(group = sample)) +
facet_grid(~Sample) +
ylab(expression("Rel. Absorbance Increase (%)")) +
theme_bw() +
theme(aspect.ratio = 1) +
scale_color_brewer(palette = "Paired")

# DATA TRANSOFORMATION TO NORMALITY ASSUMPTIONS

# LINEAR MIXED MODEL
# Assume a 1/3 power transformation
opa.lmm <- lmer((`Absorbance Increase`)^(1/3) ~ Pressure*Sample + (1|Batch), data = opa_values)
summary(opa.lmm)
anova(opa.lmm, type = "II")
plot(opa.lmm)
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# OBTAIN EMMEANS
opa.emmeans.lmm <- emmeans(opa.lmm, specs = ~ Pressure:Sample)
opa.groups.lmm <- cld(opa.emmeans.lmm, Letters = letters, adjust = "sidak", alpha = 0.05) %>%
as_tibble() %>%
mutate(.group = str_trim(.group)) %>%
mutate(mean = emmean^3,
seMean = (3*emmean^2)*SE,
lowerMean.CL = lower.CL^3,
upperMean.CL = upper.CL^3) %>%
na.omit()
opa.groups.lmm

qqnorm(resid(opa.lmm))
qqline(resid(opa.lmm))

# PLOT ESTIMATED MEANS AND 95% CONFIDENCE INTERVAL
# cuberoot transformation
dodge = position_dodge(0.3)
opa.groups.lmm %>%
ggplot(aes(x = Pressure, y = mean, group = Sample, shape = Sample)) +
geom_point(size = 3, color = "black", position = dodge) +
#geom_point(data = opa_values, aes(x = Pressure, y = `Absorbance Increase`), position =
position_jitterdodge(jitter.width = 0.15, dodge.width = 0.3), alpha = 0.5) +
#geom_line(position = dodge) +
geom_errorbar(aes(ymin = mean-seMean, ymax = mean+seMean), width = 0.2, position = dodge) +
geom_text(aes(label = .group, y = mean+seMean), vjust = -0.5, position = dodge) +
theme_classic(base_size = 20) +
ylab(expression("Rel. Absorbance Increase (%)")) +
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xlab("Pressure (MPa)") +
scale_shape_manual(values = c(1, 16))

# TUKEY COMPARISONS BETWEEN PRESSURES WITHIN SAMPLES
pairs(emmeans(opa.lmm, specs = ~ Pressure | Sample))
cld(emmeans(opa.lmm, specs = ~ Pressure | Sample), Letters = letters)

# TUKEY COMPARISONS BETWEEN SAMPLES WITHIN Pressure
pairs(emmeans(opa.lmm, specs = ~ Sample | Pressure))
cld(emmeans(opa.lmm, specs = ~ Sample| Pressure), Letters = letters)

B.4 Foaming Capacity R Code
Example of Data Organization
Batch
1
1
1
1

Sample
C
C
C
C

…
# LOAD LIBRARIES
library(readr)
library(tidyverse)
library(lme4)
library(lmerTest)
library(emmeans)
library(multcomp)
library(stringr)

# IMPORT DATA

Pressure Rep
Control
Control
150
150

V
1
2
1
2

55
55
55
55

Volume
Increase
10
10
10
10
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foaming_values <- read_csv(file = "Foaming.csv") %>%
mutate(`Volume Increase` = `Volume Increase`/100)

# MAKE SURE COLUMNS ARE FORMATTED PROPERLY
factorCols <- c("Batch", "Sample", "Pressure", "Rep")
foaming_values$Pressure <- factor(foaming_values$Pressure,levels = c("Control", "0", "150", "300",
"450", "600"))
foaming_values[,factorCols] <- lapply(foaming_values[,factorCols], factor)
summary(foaming_values)

# AVERAGE OVER REPS
avg_foaming_values <- foaming_values %>%
group_by(Batch, Sample, Pressure) %>%
summarize(AvgVolumeIncrease = mean(`Volume Increase`)) %>%
ungroup()
summary(avg_foaming_values)

# PLOT AVERAGED DATA
avg_foaming_values %>%
ggplot(aes(x = Pressure, y = AvgVolumeIncrease, color = Batch, shape = Batch)) +
geom_jitter(height = 0, width = 0.15, size = 3) +
facet_grid(~Sample) +
theme_bw() +
theme(aspect.ratio = 1) +
scale_color_brewer(palette = "Paired") +
scale_y_continuous(limits = c(0,0.25), breaks = seq(0,0.25,0.05), labels = scales::percent)

# LNEAR MIXED MODEL (NORMAL ASSUMPTION) -------------------------------------
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# FIT LMM TO ORIGINAL DATA
foaming.lmm <- lmer(AvgVolumeIncrease ~ Pressure*Sample + (1|Batch), data = avg_foaming_values)
summary(foaming.lmm)
anova(foaming.lmm, type = "II") # "We do not have evidence to conclude a significant difference in %
Volume Increase due to Pressure (F = 0.55; df = 4, 10; p = 0.7)"
plot(foaming.lmm) # these actually look decent for a beta response so I don't mind the use of the normal
here..
qqnorm(resid(foaming.lmm))
qqline(resid(foaming.lmm))

# OBTAIN EMMEANS
foaming.emmeans.lmm <- emmeans(foaming.lmm, specs = ~ Pressure:Sample)
foaming.groups.lmm <- cld(foaming.emmeans.lmm, Letters = letters, adjust = "none", alpha = 0.05) %>%
as_tibble() %>%
mutate(.group = str_trim(.group)) %>%
na.omit()
foaming.groups.lmm

# PLOT ESTIMATED MEANS AND 95% CONFIDENCE INTERVAL
# these letters are showing all pairwise comparisons across all 11 treatment combinations (sample x
pressure)
dodge = position_dodge(0.3)
foaming.groups.lmm %>%
ggplot(aes(x = Pressure, y = emmean, group = Sample, shape = Sample)) +
geom_point(size = 3, color = "black", position = dodge) +
#geom_point(data = avg_foaming_values, aes(x = Pressure, y = AvgVolumeIncrease), position =
position_jitterdodge(jitter.width = 0.15, dodge.width = 0.3), alpha = 0.5) +
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#geom_line(position = dodge) +
geom_errorbar(aes(ymin = emmean-SE, ymax = emmean+SE), width = 0.2, position = dodge) +
geom_text(aes(label = .group, y = emmean+SE), vjust = -0.5, position = dodge) +
theme_classic(base_size = 20) +
scale_y_continuous("Volume Increase (%)", limits = c(-0.05,0.3), breaks = seq(0,0.25,0.05), labels =
scales::percent) +
xlab("Pressure (MPa)") +
scale_shape_manual(values = c(1, 16))
#scale_color_manual(values = c("steelblue", "orange2"))

# TUKEY COMPARISONS BETWEEN PRESSURES WITHIN SAMPLES
pairs(emmeans(foaming.lmm, specs = ~ Pressure | Sample))
cld(emmeans(foaming.lmm, specs = ~ Pressure | Sample), Letters = letters)

# TUKEY COMPARISONS BETWEEN SAMPLES WITHIN Pressure
pairs(emmeans(foaming.lmm, specs = ~ Sample | Pressure))
cld(emmeans(foaming.lmm, specs = ~ Sample| Pressure), Letters = letters)

